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ABSTRACT
The first interstellar object Oumuamua is discovered in 2017. When ’Oumuamua travels in inter-
stellar space, it keeps colliding with interstellar medium (ISM). Given a sufficiently long interaction
time, its rotation state may change significantly because of the angular momentum transfer with inter-
stellar medium. Using generated Gaussian random spheres with the dimension ratios 6:1:1 and 5:5:1,
this paper explores the ISM torque curve and proposes that ISM collision may account for Oumua-
muas tumbling with the simple constant-torque analytical method. The statistic results show that the
asymptotic obliquities distribute mostly at 0◦ and 180◦ and most cases spin down at the asymptotic
obliquity, indicating the ISM collision effect is similar to the YORP effect with zero heat conductivity
assumed. Given a long time of deceleration of the spin rate, an initial major-axis rotation may evolve
into tumbling motion under ISM torque. Using a constant-torque analytical model, the timescales of
evolving into tumbling for the sample of 200 shapes are found to range from several Gyrs to ens of
Gyrs, highly dependent on the chosen shape. The mean value is about 8.5±0.5 Gyrs for prolate shapes
and 7.3± 0.4 Gyrs for oblate shapes. Rotation of asteroids in the Oort cloud might be also dominated
by the ISM collision effect since the YORP effect is quite weak at such a long distance from the Sun.
Although this paper assumes an ideal mirror reflection and a constant relative velocity of ’Oumuamua,
the results still show the importance of the ISM collision effect.
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1. INTRODUCTION
The first known interstellar object, 1I/2017 U1
(Oumuamua) was discovered by the Pan-STARRS sur-
vey in 2017 (Muinonen 1998). The light curve of
Oumuamua shows that it is extremely elongated with
the axial ratio of at least 6:1:1 and it is in an excited
rotation around the non-principal axis, which is also re-
ferred to as the tumbling (Jewitt et al. 2017). Recent
research shows the oblate shape (115× 111× 19 m) also
fits the light curve well (Mashchenko 2019). Belton et
al. (2018) show ’Oumuamua rotate around the shortest
axis with a period of 8.67 ± 0.34 hours and around the
long axis with a period of 54.48 hours. The origin of its
tumbling motion is still uncertain.
Rotational dynamics is an important key to under-
stand the history and evolution of asteroids. For the in-
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terstellar asteroid, which is almost isolated in the deep
space, even a seemingly unimportant factor can turn
out to be dominating on Gyr timescale. In the solar
system, several factors, such as (1) Yarkovsky-OKeefe-
Radzievskii-Paddack effect (the YORP effect), (2) the
tidal effect caused by nearby massive objects, (3) colli-
sions with other objects and (4) internal energy dissi-
pation due to inelastic deformation, are well known to
affect the long-term dynamical evolution of asteroids.
But they are ineffective in the case of the interstellar as-
teroid. Appendix A discusses the major limits of these
factors in the case of interstellar asteroids and explains
why this paper ignores them. Besides these mentioned
factors, interstellar medium, although extremely thin in
deep space, could change the rotation state significantly,
given a sufficiently long interaction timescale. The me-
chanical torque produced by interstellar gas flow has
been proved to change the rotation of interstellar grains.
Lazarian & Hoang (2007) state that for an irregular in-
terstellar grain, the external mechanical torques can spin
up the grain and lead to a suprathermal rotation. Ac-
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cording to Hoang et al. (2019), large dust grains can be
spinned up to disruption when the centrifugal stress due
to rotation is larger than the maximum tensile stress
that the dust can hold. As for interstellar asteroids,
Hoang et al. (2018) propose that the interstellar aster-
oid may spin up and get disrupted under the mechanical
torques produced by interstellar gas.
Can the almost perfect vacuum in interstellar envi-
ronment yield a dominating effect on the rotation of
the asteroid on a meaningful timescale? The answer is
still unclear. Using random walk formula, Hoang et al.
(2018) give a rough estimate of the asteroids lifetime,
which is relevant to the size and a shape parameter Nfc,
before the asteroid gets disrupted under the ISM torque.
However, since the typical value of shape parameter Nfc
(measuring the shape asymmetry of the body) is un-
clear, the timescale of this the ISM collision effect is
not fully answered. This paper introduces the Gaus-
sian random sphere model and the torque curve, which
were successfully used to explain the mechanism of the
YORP effect (Vokrouhlick & apek 2002), to the topic of
the interstellar asteroid. To obtain a statistic descrip-
tion, 100 random prolate shapes and 100 oblate shapes
are generated in this paper. The results, as shown in
Section 3.2, indicate the asteroids are much more likely
to spin down at asymptotic obliquities, which partially
question the assumption of spinning up to disruption,
together with the estimate of the asteroids lifetime in
Hoang et al. (2018). In the case of spinning down, the
asteroid may finally turn to tumbling, which provides
an explanation of the tumbling state of Oumuamua. To
give an estimate of the timescale for evolving tumbling,
a simple constant-torque is applied, and the statistic re-
sult of 200 shapes show this process is on Gyr timescale.
Besides, the ISM collision effect is expected to be simi-
lar to the YORP effect in some regards, both of which
are based on the torque on the surface. Thus this paper
also explores the similarity and difference between the
ISM collision effect and the YORP effect on the torque
curve and statistic behaviors.
To give an approximation for the ISM collision effect,
a simple full mirror reflection is assumed. During a small
time interval ∆t, the mass of hydrogen atoms colliding
with the small area ∆S is
∆mp = mpnp∆Sv∆t, (1)
where v is the speed of the asteroid relative to interstel-
lar gas, mp is the mass of proton, and np is the num-
ber density of protons. According to Kalberla & Dedes
(2008), the average number density of hydrogen atoms
at the solar radius in the mid-plane galaxy is around
0.9 cm−3. In this paper, I take a reasonable value 1 cm−3
to be the averaged number density of protons. Collisions
with dust particles are neglected here since the typical
gas-to-dust mass ratio in the galaxy is about 100: 1
(Bialy & Loeb 2018). After a frontal impact, the angu-
lar momentum the particles transfer to the surface area
is
∆L = 2∆mpvl, (2)
with l symbolizing the distance from the surface area
to the asteroids barycenter. Substituting Equation (1)
into Equation (2), the torque exerted on this small area
is obtained by
T =
∆L
∆t
= 2mpnp∆Sv
2l. (3)
Summing up the torques over the whole surface, a non-
zero net torque will be produced if the shape of the in-
terstellar asteroid is asymmetric. The torque component
along the major principal axis of the body can change
the spin rate of the body. Assuming the asteroid has a
mean radius of R, the net torque along the major axis
can be obtained by substituting ∆S ∼ R2 and l ∼ R
into Equation (3) and multiplying Equation (3) by a
coefficient Cz which measures the asymmetry:
Tz = 2mpnpv
2R3Cz, (4)
a similar form to Equation (3) in Golubov & Scheeres
(2019). Golubov & Scheeres (2019) shows that for the
YORP torque, Cz is around 0.01 to Type I/II asteroids.
Note that the ISM collision effect is not the same thing
as the YORP effect, but for an order-of-magnitude esti-
mate of the torque, an analogy can be made. Thus here
I estimate Cz to be 0.01, which will be revisited in Sec-
tion 3.2. Plugging mp = 1.67 × 10−27 kg, np = 1 cm−3,
v = 20 km s−1, R = 60 m into the Equation (4), we have
Tz = 2.89 × 10−9 N m. Further, the formula describing
the uniform rotation about the major axis (Rubincam
2000) is given by
Iz
dω
dt
= Tz, (5)
where Iz is the maximum moment of inertia of the as-
teroid. Assumed as Iz = 8piρR
5/15 for a sphere with
ρ = 1500 kg m−3, we can obtain the angular acceleration
dω/dt = 1.5×10−21 rad s−2. Therefore for a rotator with
a period of 8 hours, the angular velocity will double in
about 4 Gyrs given a positive torque. It is reasonable to
speculate that this effect will dominate the rotation on
the timescale of Gyrs for the interstellar asteroid with a
mean radius of tens of meters.
The mechanism of the ISM collision effect is similar to
that of the YORP effect to some extent, both of which
are based on the force normal to the surface. As it will
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be shown later in the article, the ISM collision effect is
more like the YORP model with zero thermal conductiv-
ity. the YORP effect is believed to influence the rotation
evolution of asteroids such as changing the obliquity and
angular velocity (Rubincam 2000; Vokrouhlick & apek
2002; Scheeres 2007), and even causing the tumbling mo-
tion (Vokrouhlick et al. 2007). Combined with the effect
of internal energy dissipation, the YORP effect may lead
to a new asymptotic tumbling state of asteroids (Breiter
& Murawiecka 2015).
In Section 2, the main equations and the shape model
in the simulation are introduced. Highly elongated
and disk-like irregular shapes are generated as pseudo
Oumuamua. In Section 3, the description of the torque
curve and statistic results are shown. The origin of tum-
bling motion of the interstellar asteroid Oumuamua is
discussed. A comparison is made between the ISM col-
lision effect and the YORP effect for distant asteroids
in the Solar system.
2. SIMULATION
2.1. Equations
In this study, the kinetic approach is used to analyze
the collisions between the interstellar asteroid and gas,
as first proposed by Hoang et al. (2018).
For a surface element dS, The mass of particles collid-
ing with the surface within a time interval dt is
dmp = mpnp(v · n)dSdt. (6)
Here I set v as the translational velocity vector of the as-
teroid relative to surrounding interstellar gas. Although
the asteroid is rotating, the rotational velocity is too
small compared to the translational velocity. Here, n
is the outward unit normal vector of the surface ele-
ment dS. Several assumptions are made in the following
derivation: (1) mirror reflection of particles and no sput-
tering on the surface, (2) the strongly supersonic regime
of the body, and (3) the convexity of the surface. Af-
ter colliding with the surface element, gas particles are
reflected, with the velocity component perpendicular to
the surface reversed. In this process, the momentum
transferred from the particles to the asteroid is
dp ≈ −2(v · n)nγrdmp. (7)
γr is the reflection coefficient, with γr = 1 representing
a mirror reflection. Plugging (6) into (7), we can obtain:
df =
dp
dt
= −2mpnp(v · n)(v · n)nγrdS. (8)
In this paper γr is set to be 1 because of the assump-
tion (1). Note that the process of “sputtering” also
produces a torque, which is calculated to be smaller by
one order of magnitude than the ISM collision torque,
which is shown in Appendix B. We should take caution
in further research when neglecting this “sputtering” ef-
fect since the variation by just one order of magnitude
could be removed by the uncertainty of the parameters.
Assumption (2) discards the effect of the gas particles’
thermal motion. Let’s consider interstellar gas in the
warm phase with the temperature of 5000 K. Applying
Maxwell’s velocity distribution, the averaged speed of
the gas is v¯gas = (8kBT/pim)
1/2 ≈ 9 km/s, less than the
assumed speed of the asteroid. The asteroid can be con-
sidered to be supersonic. In the hot region (e.g. above
20000K), the above equations are certainly invalid. As-
sumption (3) avoids the shadowing and secondary colli-
sions of particles. But we could expect Equation (8) is
still valid for moderately concave shapes. According to
Golubov et al. (2016), for the YORP effect, the formulas
proposed under the assumption of convexity still works
well in the case of moderately concave shapes. Consider-
ing that the ISM collision effect is similar to the YORP
effect in some regards, this rule is expected to be also
applicable to the ISM collision effect.
The total torque exerted on the whole surface of the
body is
T =
∫
r× df . (9)
As can be seen from Equation (8) and (9), if the body
is spherical, r is parallel to n, resulting in that the term
r×df vanishes all over the surface. In this case there will
be no torque on the body. In some other special cases,
depending on the symmetry of shape and the obliq-
uity, torques exist on the surface but they cancel each
other, resulting in zero net torque on the body. How-
ever, generically the torques do not cancel each other
for an irregular shape and therefore change the bodys
rotation.
2.2. Shape Model
Gaussian random sphere model is introduced by
Muinonen (1998) and has been proved useful in simulat-
ing dynamics of asteroids and comets with irregular sur-
face (Vokrouhlick & apek 2002). Considering a spherical
coordinates system with the origin at the mass center of
the body, the distance from the origin to the point on
the surface is expressed as a function of the azimuthal
angle φ and polar angle θ,
rs(θ, φ) = a(1 + σ
2)−1/2eω(θ,φ), (10)
where a is the characteristic dimensional factor, σ is
the variance, measuring the amplitude of deviation from
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sphericity. In the Equation (10),
ω(θ, φ) =
lmax∑
l=1
l∑
m=0
Pml (cos θ)[alm cos(mφ)+blm sin(mφ)],
(11)
where Pml is the Legendre functions, the coefficients
alm and blm are independent Gaussian random variables
with zero mean and variance β2lm given by
β2lm = (2− δm0)
(l −m)!
(l +m)!
clln(1 + σ
2). (12)
Here δm0 is the Kronecker symbol. Parameter cl is given
by
cl = l
−α
(
lmax∑
l=1
l−α
)−1
, (13)
where α tells the angular scale of the deviations.
In this study I set lmax equal to 10, which is sufficiently
large for simulation (Das & Weingartner 2016). I gener-
ate 100 highly elongated shapes and 100 disk-like shapes
as the examples of pseudo Oumuamua, using about one
thousand facets for each object. The dimension ratios of
prolate shapes are set about 6:1:1, together with a mean
radius of 60 m, suggested by Jewitt et al. (2017) while
the oblate shapes have an axis ratio of about 5:5:1 with
a mean radius of 31 m, which shows a good fit to the
light curve of ’Oumuamua (Mashchenko 2019). Figure
1 shows two examples of pseudo Oumuamua. A basic
assumption is that the shape of the interstellar aster-
oid doesn’t change noticeably. Although the interstellar
medium causes the accretion and erosion on the surface
of the object, calculation in Appendix B shows the ra-
dius change rate is dR/dt ≈ −0.0014 m Gyr−1 and can
be ignored.
3. RESULTS AND DISCUSSIONS
3.1. Torque Curve and Rotation Evolution
The averaged torque produced by ISM collision over
one spin period is an important quantity when we look
into the long-term evolution of the interstellar asteroid.
In the following text, the coordinate system is body-
fixed such that the object has the moments of inertia
of (Ix, Iy, Iz) where Ix < Iy < Iz. The obliquity ε is
defined as the angle between ez direction and the objects
velocity with respect to the interstellar medium, cos ε =
ez · ev with ev = v/|v|. In this paper I prefer to define
Tz = T · ez, (14)
Tε = T · e⊥, (15)
as indicators of the effect, where e⊥ = (ez cos ε −
ev)/ sin ε, slightly different from the variables used by
Figure 1. Two examples of generated random shapes. The
upper shape is a prolate shape with C/B/A = 5.90/1.03/1
and the lower one is an oblate shape with C/B/A =
4.95/4.90/1 where A,B,C are the semi-major axes of the ho-
mogeneous ellipsoid with the same moments of inertia, and
A < B < C.
Vokrouhlick & apek (2002). Tz and Tε strictly rely on
the orientation and velocity of the object, which means
that when spin direction reverses, the Tz and Tε compo-
nents do not change their signs, but result in opposite
effects (e.g. changing from acceleration to deceleration
or inclining to the inverse direction). The torque curve
reveals the dependence of Tz and Tε on the obliquity ε
in the range of (0◦, 180◦).
Unlike in the case of the YORP curve, the torque
curve here has no properties of symmetry or anti-
symmetry for Tz(ε) and Tε(ε). This is because the ISM
torque is only averaged over the spin period, while in the
case of the YORP effect the periodical rotation around
the Sun leads to periodical illumination, which gives the
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Figure 2. The ISM torque curves of two generated shapes.
The blue line denotes the torque component Tε and the or-
ange line denotes Tz. The black dash is auxiliary line located
in T = 0.
average torque properties of symmetry and antisymme-
try.
Figure 2 shows different torque curves. When the
obliquity is 0◦ or 180◦, Tε vanishes due to the proce-
dure of average over one spin period while Tz does not.
In other values of obliquity ε, the non-zero torque com-
ponent Tε leads to the inclination of the body. The
direction of inclination is dependent on the sign of Tε as
follows: A negative value of Tε will decrease the obliq-
uity ε, moving the spin axis towards the velocity vector
while a positive one will increase the obliquity ε. Thus
a zero point of Tε may indicate a stable orientation of
the asteroid, where the body may maintain a slow pre-
cession of the spin axis around the velocity vector. On
the other hand, the Tz tells the spin acceleration.
The torque curve here is slightly different from the
YORP curve because of the difference brought by asym-
metry. The torque curve has to be considered in the
obliquity range [0◦, 180◦], and Tε is not always equal to
0 at ε = 90◦. Previous research on the YORP curve di-
vides the majority of asteroids into four types according
to the torque component Tε (Vokrouhlick & apek 2002).
With the assumption of principal-axis rotation, aster-
oids of Type I will reach a stable orientation at ε = 90◦
,and asteroids of Type II will asymptotically reach ε= 0◦
or 180◦. Asteroids of Type III and Type IV both have Tε
= 0 at some values of ε in range (0◦, 90◦) or (90◦, 180◦),
but Type III asteroids will get stable at the zero point in
the (0◦, 90◦) or (90◦, 180◦) obliquity range while Type
IV asteroids stable state has multiple answers dependent
on the initial obliquity. The final stable obliquity is also
called asymptotic obliquity (Vokrouhlick & apek 2002).
Thus there is no need to introduce another classification
system for the small difference stated above. Readers
can easily find the asymptotic obliquities in the torque
curves by looking for the nodes where Tε(ε) = 0 and
T ′ε(ε) < 0.
For example, the upper curve in Figure 2 has three
zero points of Tε(ε). Lets call them ε1, ε2, ε3. As
discussed, ε1 = 0
◦ and ε3 = 180◦. As we can see,
Tε(ε2) = 0, T
′
ε(ε2) > 0. Therefore, only obliquity ε1
and obliquity ε3 are possible final stable points, depen-
dent on the initial obliquity. If the initial obliquity is in
range of (ε1, ε1), the asteroid will reach ε1 ultimately,
and if the initial obliquity is in range of (ε2,ε3), the as-
teroid will reach ε3. Whats more, the Tz(ε1) and Tz(ε3)
are both negative, meaning that the asteroid will keep
decelerating at these stable obliquities. The lower exam-
ple has two asymptotic obliquities, 0◦ and 126◦. Readers
may refer to Scheeres (2007) for an analytical method
on the effect of the torques.
3.2. Statistical Results
Considering that the ISM torque is highly dependent
on the specific shape of the asteroid, 200 Gaussian ran-
dom shapes are generated to obtain a statistical descrip-
tion. According to two different opinions about ’Oumua-
mua’s shape, half of the sample are set to have a dimen-
sion ratio of about 6:1:1 with an equivalent radius of
about 60 m(Jewitt et al. 2017) and the other half have
a dimension ratio of around 5:5:1 with an equivalent ra-
dius of 31 m(Mashchenko 2019).
The distribution of asymptotic obliquities is shown in
Figure 3. There are 137 asymptotic obliquities in total
for 100 tested prolate shapes and 141 for oblate shapes.
As we can see, the majority of the asymptotic obliquities
are located at 0◦ and 180◦ with nearly equal likelihood
(Note that obliquity 0◦ and 180◦ are separate). At the
current stage, Cz in Equation (4) is easily calculated by
substituting asymptotic obliquities into Equation (4).
For prolate shapes, Cz = 0.036 ± 0.002 and for oblate
shapes, Cz = 0.0057 ± 0.0004, which indicates prolate
shapes are more sensitive to the ISM torques.
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Figure 3. Distributions of the asymptotic obliquities of
ISM torques for the sample of 200 shapes. The upper figure
is the result for prolate shapes and the lower one is for oblate
shapes
Another important statistic result is that the cases of
deceleration at the asymptotic obliquity in the tested
shapes are much more numerous than the cases of ac-
celeration. Among the 200 shapes, only five show ac-
celeration of rotation at the asymptotic obliquity, which
means the interstellar asteroids are much more likely
to asymptotically decelerate their spin rates under ISM
torque. Similar statistical results occur in the research
on the YORP torque with the assumption of zero ther-
mal conductivity. apek & Vokrouhlick (2004) show that,
in the limit of zero thermal conductivity, most cases de-
celerate at the asymptotic obliquity, while bodies with
finite thermal conductivity equally accelerate and decel-
erate their spin rates. It is seen that the ISM collision
effect is more similar to the YORP effect with the zero
heat conductivity assumed.
3.3. Despin and Tumbling
A fundamental question about Oumuamua is how
the tumbling motion arises and the answer is still un-
clear. Usually, possible reasons for the tumbling mo-
tion of asteroids include (1) original tumbling when the
asteroid gets separated from its parent body, (2) Im-
pacts in the home system (Henych, & Pravec 2013),
(3) the YORP torques(Vokrouhlick et al. 2007), (4)
tidal torques (Scheeres 2001; Sharma et al. 2006). In
the case of an interstellar asteroid, another mechanism
might account for the tumbling: collision with inter-
stellar medium during its long-time travel in interstellar
space.
Most cases in the simulation keep decelerating the ro-
tation rates after they reach the asymptotic obliquity.
When the spin rate is low enough, even small external
torque like ISM collision torque could trigger the tum-
bling motion. In this study, this possible explanation
for the tumbling motion of Oumuamua is not examined
directly through simulation due to the extremely large
timescale of this effect and the limited computer power.
However, considering the similarities of the torque mech-
anism and statistical behavior between the ISM collision
effect and the YORP effect (zero heat conductivity as-
sumed), we can follow the work on the YORP effect on
the tumbling motion of asteroids in the Solar system
(Vokrouhlick et al. 2007; Breiter et al. 2011). According
to Vokrouhlick et al. (2007), provided that the rotation
is long enough, the YORP torque that initially deceler-
ates the spin rate could deviate the body from the initial
rotation about the principal axis and turn the body into
an asymptotic state of tumbling.
While it is difficult to completely describe how ex-
ternal torques excite the tumbling in an analytical
way, a theory assuming a constant torque (Tsiotras,
& Longuski 1991) is found to be in good agreement
with simulation results of the YORP torques, accord-
ing to Vokrouhlick et al. (2007). Here we use this
method to analyze the effect of ISM torques. The
point here is to identify a constant torque component
T = (Tx, Ty, Tz) 6= 0. Suppose that the interstellar as-
teroid initially rotates around the axis of maximum mo-
ment of inertia (SAM mode), and have an initial stable
obliquity around 0◦ or 180◦. At this special obliquity,
the averaged torque in the body-fixed frame does not
change when the body rotates. Therefore, the constant-
torque model can be used. In a first-order approxima-
tion, the z component of the angular momentum vector
L = (Lx, Ly, Lz) is expressed as:
Lz(t) = Lz(0) + Tzt. (16)
The initial conditions are Lx(0) = 0, Ly(0) = 0, Lz(0) >
0. If Tz > 0, the Lz(t) increases unlimitedly and Lx(t)
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Figure 4. The distribution of the timescale of evolving
into tumbling from SAM mode for 200 pseudo Oumuamua
models with initial spin period of 8.67 hours. The upper
figure is the result for prolate shapes and the lower one is for
oblate shapes. The mean values, denoted by the red dash
lines, are 8.5± 0.5 Gyrs and 7.3± 0.4 Gyrs, respectively.
and Ly(t) tend to oscillate with some constant am-
plitudes, leading to a stable SAM mode rotation, un-
til it gets disrupted. If Tz < 0, the Lz(t) decreases
while the amplitudes of oscillation of Lx(t) and Ly(t)
increases, finally evolving into tumbling state. Vokrouh-
lick et al. (2007) introduce a formula to estimate a typ-
ical timescale for a SAM mode body to enter tumbling
state:
∆t = −Lz(0)
Tz
. (17)
Using Equation (17), the evolving tumbling timescale
of 200 generated shapes are calculated with an initial
spin period of 8.67 hours assumed. Figure 4 shows
the distribution of the timescale required for an initial
SAM mode rotation to evolve into tumbling. The mean
timescale is about 8.5± 0.5 Gyrs for prolate shapes and
7.3 ± 0.4 Gyrs for oblate shapes, which is of the same
order of magnitude as our estimation in Section 1. It
should be noted that the timescale is highly dependent
on the chosen shape and varies a lot among different
shapes, as indicated in Figure 4. The mean timescale
should be used carefully as currently we do not know
the exact shape of Oumuamua due to the limited obser-
vation data. We expect the ISM effect to be sensitive to
the surface topography, in view of extreme sensitivity of
the YORP effect to fine structure on the surface of aster-
oids (Statler 2009). As the angular acceleration scales
as ∼ 1/R2, the effect of the torque is more intensive for
smaller bodies.
3.4. Implications for asteroids in the Oort cloud
The way ISM affects asteroids rotation is quite sim-
ilar to the YORP effect, both of which are based on
torques on the surface. A comparison of the magnitude
between these two torques may help know more about
asteroids in the Solar system. To remove the influence
of the shape, here I compare the ratio of the force to
the surface element df/dS. According to Vokrouhlick &
apek (2002), the recoil force due to the thermally emit-
ted radiation from the surface element is given by
df ∼ −2σT
4
3c0
ndS ∼ −2Φ
3c
(n · n0)ndS. (18)
Here, n is the outward normal vector to the surface el-
ement. n0 is the direction from the object to the Sun.
And Φ is the solar flux at the distance of the object from
the Sun. To remove the influence of obliquity, I assume
n · n0 = 1 in Equation (18), n · ev = 1 in Equation (8).
Thus the Equation (18) and Equation (8) are rearranged
as: (
df
dS
)
YORP
=
2Φ
3c
=
2Φ0
3c
(
d⊕
dA
)2
, (19)(
df
dS
)
ISM
= 2mpnpv
2
Oort. (20)
Here, d⊕ and dA are the distances to the Sun from the
Earth and the asteroid, respectively. Φ0 = 1367 W m
−2
is the solar constant. vOort in the Equation (20) de-
notes the relative speed of the asteroid in the Oort cloud.
Stern (1990) suggests adopting v = 20 km s−1 (the typi-
cal solar velocity relative to local ISM ) for the velocity
of asteroids in the Oort cloud. The orbital velocities
are neglected since they are much smaller and almost
averaged out over one period.
As Figure 5 shows, the ISM collision effect is much
weaker than the YORP effects when discussing objects
in the main asteroid belt. However, since the YORP
effect declines very quickly with distance to the Sun
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Figure 5. Comparison between ISM torque (green region)
and the YORP torque (blue line). The ISM torque is esti-
mated under the number density of interstellar gas ranging
from 0.01 cm−3 to 1 cm−3. The orbital speed relative to in-
terstellar gas is assumed to be 20 km s−1
increasing, the ISM collision effect may dominate ex-
tremely distant asteroids rotation, such as asteroids in
the Oort cloud, which can be as far as about 100000 AU
away from the Sun. It is suggested that one to two per-
cent of the Oort cloud population are asteroids (Weiss-
man & Levison 1997). Further research on the ISM colli-
sion effect might give some constraints on their rotation
states, depending on their shapes and sizes.
4. CONCLUSIONS
When interstellar asteroids travel in interstellar space,
they keep colliding with interstellar medium. Al-
though the effect is very weak, when considering a large
timescale as billions of years, it can change the rotation
of the asteroids considerably. In this paper, the torque
curve of the ISM collision effect is studied and a mecha-
nism accounting for Oumuamuas tumbling is proposed.
The main findings and discussions include:
(1) The body is much more likely to spin down at the
asymptotic obliquities that are mainly distributed at 0◦
and 180◦ with nearly equal likelihood, according to the
statistic result. In this dimension, ISM torque is more
like the YORP torque with zero thermal conductivity
model than that with a finite-conductivity model.
(2) Oumuamua may be born with a major axis ro-
tation and turn into tumbling under the effect of the
ISM torque. The timescale of this process, calculated
from 200 pseudo Oumuamua generated by Gaussian ran-
dom sphere method, ranges from several Gyrs to tens of
Gyrs, depending on the chosen shape. The mean value
is 8.5 ± 0.5 Gyrs for prolate shapes and 7.3 ± 0.4 Gyrs
for oblate shapes.
(3) the ISM collision effect might also dominate rota-
tion of distant small asteroids in the Oort cloud as the
dim light extremely weakens the YORP effect.
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APPENDIX
A. OTHER EFFECTS OF INTERSTELLAR ENVIRONMENT
In the interstellar environment, the rotation of the interstellar asteroid might also be affected by some factors other
than interstellar medium.
Collisions between asteroids may dominate the rotation evolution of asteroids in the Solar system, but it becomes
doubtable in the case of interstellar asteroids. The number density of interstellar objects like Oumuamua or larger
is estimated to be about 0.1 AU−3 (Do et al. 2018). The mean free path of a collision between two Oumuamua-like
objects is l ∼ 1/piR2nISO. Considering the velocity of Oumuamua is 20 km s−1, the expected mean collision time is
τc ∼ l/2v ∼ 1014 years, much longer than the timescale considered in this paper. However, there is no enough data to
estimate the number density of objects smaller than Oumuamua by an order of magnitude or more, which could also
cause a big change of the rotation rate after impacting Oumuamua. In the current stage, without enough background
information, this paper ignored the collision between interstellar objects.
The internal energy dissipation will cause a tumbling asteroid to be in alignment to the axis of maximum moment of
inertia (Burns et al. 1973; Lazarian & Efroimsky 1999). Fraser et al. (2018) estimate the damping time of Oumuamua
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longer than 4× 1010 years, using Q model with Q in range of (100, 1000). Drahus et al. (2018) state that the damping
timescale of Oumuamua is estimated to be at least 1 Gyr. As for a tumbling object, the mechanism of internal energy
dissipation and external torques like the YORP effect may cause an asymptotic state of stationary tumbling with a
fixed rotation period (Breiter & Murawiecka 2015). If ISM collision and strong internal energy dissipation are assumed,
the interstellar asteroid may evolve into some special tumbling state under both effects. However, the effect of internal
energy dissipation may be dramatically weak in deep space. Frouard & Efroimsky (2017) found the damping timescale
τdamp ∝ η where η is the viscosity of the body. Roughly, η ∝ e1/T if the Arrhenius’s law is applied. Thus, the low
temperature of the interstellar asteroid may lead to the extremely large damping timescale. Kwiecinski (2020) states
the damping timescale for ’Oumuamua can be surprisingly as large as 1023 10193 years. If the typical timescale of ISM
collision is shorter than damping timescale, the effect of internal energy dissipation can be ignored, as Section 3.3 does
when estimating the timescale of evolving tumbling. On the other hand, the problem brought by the weak internal
energy dissipation is the invalidity of the assumption of principal axis rotation in the analysis of long-term rotation
evolution. This paper does not discuss the internal energy dissipation of ’Oumuamua in detail.
Gravitational torques due to the galactic center may change the rotation of interstellar asteroids. Previous work
shows that in the Solar system, the gravitational torque due to the Sun affects the orientation of the asteroid in the
long term (Vokrouhlick & apek 2002). Assuming a fixed orbit, the torque causes a spin axis precession around the
normal to the orbit plane on the timescale of
τp ∼ P
2
o
Ps
. (A1)
Po is the orbital period and Ps is the spin period of the asteroid. The trajectory of Oumuamua is uncertain due to
limited data and gravitational scattering. If we substitute the orbital period Po ≈ 2.5× 108 years (the same order of
magnitude as the rotation period of the Solar system around the center of the Galaxy) and spin period Ps ≈ 8.67 hours
into Equation (A1), we obtain τp ≈ 6 × 1010 Gyrs. As can be seen, this precession effect is negligible in the rotation
evolution. Note that stellar perturbations and the spin-orbit resonance effect are not taken into account, which may
cause a slight precession, so the estimate is very rough and may be inaccurate by a few orders of magnitude. However,
in view of the extremely large resulting timescale 6× 1010 Gyrs, these effects are believed to be unimportant.
The tidal effect due to a close encounter to a planetary system is believed to be unimportant since the possibility of
encounters to a planetary system is extremely small due to the low stellar density for the solar neighborhood. In the
case of Oumuamua, the mean travel time in interstellar space before it gets close to a planetary system is estimated
to 104 Gyrs (Ye et al. 2017).
As for the YORP effect, it is also believed to be negligible due to the very dim starlight in interstellar space (Hoang
et al. 2018). Even for interstellar asteroids that entering a planetary system (e.g. Oumuamua), the time they spend
in the YORP-dominated zone is hundreds to thousands of years according to Figure 5.
B. OTHER EFFECTS OF COLLISION WITH INTERSTELLAR MEDIUM
Interstellar gas and dust may cause erosion and accretion of the asteroids surface. The impacts of particles with
energy higher than a few eVs can transfer energy that is higher than the lattice binding energy to the surface, therefore
causing the ejection of the atoms on the surface, which is known as “sputtering (Flavill et al. 1980). This process,
together with evaporation due to instantaneous high temperature (Stern 1986; Bialy & Loeb 2018) leads to the erosion
on the surface. In addition, the impact on the surface by interstellar gas will cause the accretion of surface controlled by
a sticking factor f . Therefore, such a process of accretion and erosion will contribute to the shape change of asteroids.
Stern (1986) derived the formula of the mass change caused by accretion:
dMaccretion = µ¯pf¯piR
2v¯dt. (B2)
Here µ¯p is the mass density of the proton in the interstellar space, f¯ is the average sticking ratio, R is the equivalent
radius of the projected area perpendicular to the direction of incident gas particles, v is the average speed of the object
with respect to the interstellar medium and t is the interaction time. As for the mass change caused by erosion, Vavilov
& Medvedev (2019) shows that the interstellar object will lose 10 mm per million years, requiring the grain mass is
about 1.5 × 10−5 grams. However, Landgraf et al. (2000) point out that the number density of interstellar grains in
the Solar system is dominated by grains with masses between 10−14 grams and 10−12 grams. In this study I follow
the formula derived by Stern (1986), using the parameter mean mass density to estimate the erosion:
dMerosion = −µ¯gr(α+ β)piR2v¯dt. (B3)
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Landgraf et al. (2000) estimated the total mass density of interstellar grains in the Solar system to be 6.2×10−24 kg m−3
from the Ulysses and Galileo in-situ data. α is the ratio of evaporated mass of the object to the mass of incident
grain, β is the ratio of the ejected mass of the object to the mass of incident grain. Here if we consider dM =
dMaccretion + dMaccretion = 4piρR
2dR for a rough estimation, we can obtain
dR
dt
∼ µ¯pf¯ v¯ − µ¯gr(α+ β)v¯
4ρ
. (B4)
Here I take 1 cm−3 to be the averaged number density of protons as explained in Section 1. Based on the results from
Stern (1986), we estimate f¯ = 0.037, α = 2, and β is given by β = 5.5 × 10−10v¯2 for basalt targets. In the case of
Oumuamua, we take the average velocity relative to interstellar medium v as 20 km s−1, thus β = 2200. The equivalent
radius of Oumuamua is around 60m. Then we have the radius change rate is dR/dt ≈ −0.0014 m Gyr−1. Thus, on the
timescale considered in this paper, the shape change caused by accretion and erosion can be neglected.
On the other hand, the process of sputtering and evaporation transfers the angular momentum. Stern (1990) has
estimated the speed of ejected particles on icy surface 0.05 km s−1 < vej < 0.2 km s−1 when the incident particles have
a speed of 20 km s−1. The net torque along z-axis is expressed as:
Tz =
−dMerosion
dt
vejRCz = µ¯gr(α+ β)v¯vejpiR
3Cz. (B5)
Again, Cz is estimated as 0.01. Substituting vej = 0.2 km s
−1 and R = 60 m, we have Tz = 3.7×10−10 N m. Compared
with the torque produced by hydrogen atoms in Equation (4), this torque is smaller by one order of magnitude and
therefore gets ignored in the simulation. Note that the difference by just one order of magnitude is easily broken when
considering the uncertainty of parameters. Thus the “sputtering” effect needs considerations when more detailed
research is conducted.
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